Homologous recombination provides a means for the in vivo construction of recombinant DNA molecules that may be problematic to assemble in vitro. We have investigated the efficiency of recombination within the Caenorhabditis elegans germ line as a function of the length of homology between recombining molecules. Our findings indicate that recombination can occur between molecules that share only 10 bp of terminal homology, and that 25 bp is sufficient to mediate relatively high levels of recombination. Recombination occurs with lower efficiency when the location of the homologous segment is subterminal or internal. As in yeast, recombination can also be mediated by either single-or double-stranded bridging oligonucleotides. We find that ligation between cohesive ends is highly efficient and does not require that the ends be phosphorylated; furthermore, precise intermolecular ligation between injected molecules that have blunt ends can also occur within the germ line.
INTRODUCTION
In Saccharomyces cerevisiae, it has been shown that relatively short regions of terminal homology (as little as 20 bp) are sufficient to mediate recombination between linear DNA molecules that are simultaneously introduced during transformation (1) . The relatively high fidelity and efficiency of recombination in yeast has been exploited for the construction of recombinant molecules that are difficult to generate using strictly in vitro methods (2) . Similar technology has been developed in Escherichia coli through use of the lambda Red system (3, 4) . In the case of Caenorhabditis elegans, it has been known for some time that homologous DNA molecules will undergo recombination to form large extrachromosomal arrays when they are coinjected into the germ line syncytium (5) . The efficiency of this recombination is sufficiently high that it is practical for the in vivo construction of recombinant molecules (6) . The minimum length of homology necessary for efficient recombination in C. elegans has not been reported, although Mello et al. (5) observed efficient recombination between linear molecules that shared 295 bp of terminal homology at one end. We reasoned that if the minimum length of homology were sufficiently short, then it would be feasible and economical to include a recombination targeting sequence within the 5 0 portion of a PCR primer; this could permit the rapid in vivo construction of recombinant molecules, such as GFP-tagged rescuing constructs, that may be time-consuming or difficult to generate through other cloning methods. This procedure could also provide a rapid method for preliminary testing of particular recombinant configurations to determine whether it is likely to be worthwhile to undertake a multistep construction.
MATERIALS AND METHODS

Culture of nematodes
Caenorhabditis elegans stocks were maintained as described by Brenner (7), using NGM-lite media (8) and E. coli strain AMA1004 (9) . All experiments were done using the N2 wild-type strain of C. elegans (7) .
Generation and analysis of transgenics
Worm stocks were maintained at 158C prior to injection. Microinjection of DNA into the germ line syncytium was performed as described by Mello et al. (5) . Injected worms were transferred to seeded plates and allowed to produce progeny at 19.58C. F1 roller progeny were typically transferred to a new plate and scored for the pharyngeal fluorescence phenotype using an Olympus SZX12 dissecting microscope equipped with epifluorescence and GFP filters or (for scoring weaker fluorescence) mounted on agarose pads and examined using a Nikon Microphot SA compound microscope. For b-galactosidase staining, worms were washed in M9 buffer, frozen at À808C, then thawed and incubated at 308C for at least 4 h in staining solution (10) , omitting DAPI and kanamycin. The frequency of stable lines was estimated by transferring F1 rollers in small groups (typically five) to individual plates, then examining the F2 progeny for the presence of Rol animals and/or GFP positive animals via dissecting microscope. This results in a mild underestimate of the actual frequency of stable lines, since each plate with F2 Rol and/or GFP(+) animals is counted as representing only a single line.
In all cases where we examined animals using the compound microscope, we found that many of the transgenic progeny exhibited weak to moderate GFP expression within a subset of neurons in the head, plus a single ventral preanal neuron (probably PVPL or PVPR). The only segment that was included in all of our assays was the GFP region, which includes the synthetic introns characteristic of this series of GFP constructs. Therefore, this segment probably contains an enhancer element that drives expression within this neuronal subset.
DNA manipulation
Standard molecular biology methods were used for cloning and PCR amplification of DNA. DNA concentrations were estimated by ethidium bromide staining of agarose gels and comparison between samples and standard markers. Phusion polymerase, restriction enzymes, calf intestinal phosphatase (CIP) and DNA ligase were obtained from New England Biolabs and used according to the manufacturer's instructions.
Construction of plasmids
pEL60: pPD118.33 was digested with XhoI to remove the internal XhoI fragment, then ligated to recircularize. pEL61: pPD118.33 was digested with ApaI and BsaAI, the ApaI end was blunted with Klenow and the plasmid then ligated to remove the 3 0 half of GFP. pEL62: pPD118.33 was cut with SmaI and BsaAI and religated to remove the 5 0 half of GFP. pEL64: pPD118.33 was digested with NcoI and ligated to an adapter created by annealing oligonucleotides o1304 and o1305. This results in a 47 bp NcoI fragment insertion that generates a stop codon after W57 of the GFP-coding sequence.
Generation of PCR products for use in recombination assays
For initial experiments involving regeneration of GFP (Figures 1 and 2) , we used as a template pPD118.33 that had been cleaved with EcoRI and HindIII to eliminate the possibility of amplifying full-length GFP and diluted to 0.1 mg/ml. For experiments in which we scored for the presence of weak GFP signal via compound microscope, we used pEL61 (cut with PvuI) and pEL62 (cut with XhoI) as templates, since neither of these plasmids carries the full-length GFP-coding sequence. For experiments with lacZ, we used as a template pPD87.50 (gift of Andrew Fire, Stanford University) that had been linearized with BamHI and HindIII. All PCR products were purified by chromatography (Qiagen or EpochBiolabs) prior to use in injection mixes. PCR products diagrammed in Figures 3, 4 and 6 were generated using Phusion polymerase (New England Biolabs), which creates bluntended products.
Annealing of oligonucleotides
Oligonucleotides dissolved in TE were mixed, heated to 958C, then allowed to cool slowly to room temperature. Annealing was confirmed by running an aliquot on a 4% agarose gel and comparing to the non-annealed oligos.
Formulation of injection mixes
Unless otherwise indicated, all injection mixes contained a standard concentration of 100 mg/ml pRF4 (5). Each recombining fragment was included at a concentration of $40 mg/ml. Therefore, in the case of the assays depicted in Figure 1 , the small GFPÁ segment is present at $10-fold molar excess, whereas, the lacZ segment shown in Figure 3 is present at approximately the same concentration as the plasmid. Plasmid restriction enzyme digests were heat inactivated, then used directly in injection mixes. 
Oligonucleotides
All oligonucleotides were obtained lyophilized from Invitrogen and dissolved in TE.
The following oligonucleotides were used: 
RESULTS
Short segments of terminal homology will mediate recombination
In order to develop a sensitive measure of recombination, we began with plasmid pPD118.33 (gift of A. Fire) , in which GFP expression is driven within pharyngeal muscle cells by the myo-2 promoter. We created a modified version of this plasmid (pEL60) by deleting a 350 bp XhoI fragment that includes the coding region for amino acids 1-71 of GFP. Next, we used PCR to generate a nested series of DNA molecules, each of which carries the missing portion of GFP, flanked by varying lengths of homology. Coinjection of pEL60 along with the PCR product will regenerate a functional GFP clone if homologous recombination occurs. We included the rol-6(su1006)-containing plasmid pRF4 (5) in supercoiled form, at a standard concentration of 100 mg/ml in all of our injection mixes. The backbone of pRF4 has extensive homology to pPD118.33, so recombination will promote the formation of extrachromosomal arrays that carry both molecules. The rol-6(su1006) gene causes a dominant Roller (Rol) phenotype that makes it possible to unambiguously identify transgenic F1 progeny. Our results suggest that homologous recombination can occur even when the extent of terminal homology is only 10 bp (Figure 1 ). The frequency of GFP(+) F1 Rol animals increases with longer stretches of homology, but appears to plateau at $65% above 25 bp. In order to provide a rough estimate of the percentage of molecules that underwent successful recombination, we tested three dilutions of intact pPD118.33. At 40, 4 and 0.4 mg/ml, we found that the percentage of GFP positive F1 transgenic animals detectable by dissecting microscope was, respectively, 99% (n = 90), 66% (n = 137) and 1% (n = 184). Although we did not quantitate the intensity level of GFP fluorescence, it was obvious that the brightness level diminished with decreasing levels of pPD118.33. Therefore, these assays established an approximate limit for detection level via dissecting microscope. Since our injection mixes contained $40 mg/ml of pEL60, this suggests that $10% of the injected molecules underwent successful recombination. It is likely that we would have observed a higher percentage of GFP(+) animals in all of these assays if we had examined the F1 Rol(+) animals by compound microscope, which is a more sensitive means of detecting weak GFP fluorescence (see below).
Targeted recombination between linear and circular molecules does occur, but is not efficient Since restriction sites are not always present at the desired site of recombination, we tested whether a linear PCR fragment could successfully recombine with a circular plasmid. We found that with 55 or 105 bp of terminal homology, very few or none of the F1 transgenics were GFP(+) when examined by dissecting microscope (Figure 2) . Therefore, efficient recombination did not occur in these assays. In order to determine whether lowlevel recombination does occur in a higher fraction of the F1s, we repeated these experiments and scored the GFP phenotype of F1 Rol animals using a compound microscope to increase the sensitivity of detection. We did detect more GFP(+) animals using this method; however the intensity of GFP was quite weak. Furthermore, none of the F1 rollers in this experiment produced GFP(+) F2 progeny.
Terminal homology at a single end is sufficient to mediate efficient recombination
Since it is has been established that linear DNA molecules can be used for transformation of C. elegans (5,11), Figure 4 . Recombination assays using lacZ. Regions and statistics are as in Figure 1 legend. The size of the lacZ segment is $3.3 kb. GFP was scored in representative worms for cases A, C and D; in each case the lacZ(+) animals were also GFP(+), which is consistent with the efficiency of intramolecular ligation (discussed in text relating to Figure 5 ) and multiple copy number of transgenes present within extrachromosomal arrays. The depicted locations of homologous recombination events are inferred based on the positions of homologous regions and the fact that homology is almost absolutely necessary to achieve lacZ expression. The frequency of lacZ(+) F1s is significantly different (P < 0.01) in all pairwise comparisons. b-Galactosidase staining was performed as described in Materials and Methods section. The following primer combinations were used to amplify lacZ: A, o1042 and o1047; B, o1041 and o1042; C, o1042 and o1048; D, o1041 and o1042.
we tested whether a single short segment of terminal homology would mediate efficient recombination between two linear segments. As expected based on our previous results, we found that 30 bp of terminal homology was sufficient to permit recombination at a high level ( Figure 3A) . Adding 30 bp of homology to the other terminus did not further increase the percentage of GFP+ F1s ( Figure 3B) . In both cases, we were able to obtain stable GFP(+) lines at a useful frequency (3/48 F1s, single homology; 7/76 F1s, double homology). Notably, although all of the lines were derived from Rol F1s, in each case the majority of the GFP(+) lines that we obtained were non-Rol (2/3 and 5/7 for single and double homology, respectively). One likely explanation for this result is that the F1 animals might have carried more than one extrachromosomal array-one with GFP and a separate one with rol-6. This is not unexpected, since the GFPcontaining segment does not have homology to the pRF4 plasmid and this is expected to decrease the efficiency of their incorporation into the same extrachromosomal array (5). A non-exclusive possibility is that in some cases the GFP and rol-6-containing molecules did undergo non-homologous recombination and were thus present on the same extrachromosomal array; however, the Rol phenotype might have been absent among the F2s due to partial silencing of transgene expression [it has been established that rol-6(su1006) phenotypic expression is dosage sensitive (5)].
Terminal homology mediates precise molecular joining
The successful regeneration of GFP depicted in Figures 1  and 3 requires precise intermolecular recombination. Imprecise events would cause either insertions or deletions that would prevent GFP from functioning. However, as an independent means of characterizing the fidelity of the recombination junction, we performed PCR to amplify the appropriate region of GFP from two individual F1 GFP(+) animals (generated using the mixture depicted in Figure 3A) , then directly sequenced the resulting PCR products. Each animal is expected to contain one or more extrachromosomal arrays, each of which is expected to carry multiple copies of the coinjected molecules. If a high proportion of direct ligations or imprecise recombination events took place, then we would expect the sequence to become difficult to read beginning at the region of overlapping terminal homology. Notably, in both cases, we observed the expected recombination junction and the quality of the sequence remained high throughout the region of homologous overlap. This confirms that precise recombination events are the predominant joining mechanism.
Subterminal homology can mediate moderate levels of recombination
As an alternative method for targeting recombination to locations that do not contain restriction sites, we tested whether linearization adjacent to the desired site of recombination could permit efficient targeting of a recombination event. For these experiments, we performed assays in which recombination was targeted between GFP and a heterologous gene, lacZ (10) . We began by assessing the level of background pharyngeal expression of lacZ arising from non-homologous recombination during extrachromosomal array formation ( Figure 4A) ; in this assay, the 3 0 end of the lacZ-containing segment can recombine with the myo-2::GFP-containing pPD118.3 plasmid, but no homology exists at the 5 0 end. Our results suggest that non-homologous recombination at the 5 0 end of lacZ probably does occur, but at a very low level ( Figure 4A ). As an additional control, we tested whether the presence of short stretches of terminal homology at each end (33 bp/30 bp) would efficiently target the insertion of lacZ ( Figure 4B ). Consistent with our previous observations, this amount of homology was sufficient to target efficient recombination. Next, we tested the efficiency of recombination when the region of homology at the aminoterminal end of lacZ was internal to the site of linearization of pPD118.33. We found that recombination was moderately efficient when homology was 65 bp internal to the cleavage site ( Figure 4C) , and occurred at low efficiency when the site of recombination was 1 kb internal ( Figure 4D ).
Using in vivo recombination to test promoter/enhancer activity
We examined the practicality of using in vivo recombination to assay PCR fragments for promoter function. For these assays, we used plasmid pPD95.77, which carries GFP fused to the unc-54 3 0 UTR, but lacking a C. elegans promoter (gift of A. Fire, Stanford University). This plasmid was cut with XbaI and HindIII, which cleave immediately upstream of GFP, then mixed with pRF4 plus PCR-amplified promoter segments containing $40 bp (43 and 36 bp) of terminal homology at each end. We tested upstream regions from two genes whose expression patterns have been previously described, pes-1 (12) and ehn-3 (13). Since each of these genes is expressed during embyrogenesis or early L1, it was not possible to determine the percentage of F1 Rol animals in which GFP expression was driven by the promoter segment being assayed (although GFP(+) F1 embryos were visible on the plate). Therefore, it was necessary to establish stable Rol lines and then examine the progeny of these animals. In each case, we obtained stable Rol lines at typical frequencies, 10/114 F1s for pes-1 and 6/111 F1s for ehn-3. For ehn-3, 3/6 lines exhibited GFP expression, while all of the pes-1 lines were GFP(+). In each case, the GFP(+) animals exhibited the expression pattern expected for the corresponding gene.
Ligation of complementary cohesive ends occurs efficiently in vivo
In preliminary experiments, we found that linearization of pPD118.33 by cleaving within the GFP-coding sequence did not result in an appreciable reduction in the frequency of GFP(+) F1s (data not shown). This suggested that ligation occurs efficiently in vivo. In order to test this more rigorously, we constructed plasmid pEL64, which carries a 47 bp NcoI fragment inserted into a unique NcoI site within GFP. Animals injected with pEL64 did not produce GFP(+) progeny ( Figure 5A ).
However, when pEL64 that had been cut with NcoI was injected, a large fraction of the transgenic F1s expressed GFP that was bright enough to be visualized by dissecting microscope ( Figure 5B ). Furthermore, treatment of the digested plasmid with CIP only modestly reduced the percentage of GFP(+) F1 transgenics ( Figure 5C ). The effectiveness of the CIP treatment was verified by attempting to ligate the treated plasmid in vitro and finding that it was unable to recircularize. Therefore, ligation between complementary cohesive ends occurs efficiently in vivo and does not require that the injected molecules be phosphorylated. As in vitro, intramolecular ligation is likely to be the predominant mechanism responsible for regenerating GFP in these assays; however, in other experiments, we have found that intermolecular ligation of cohesive ends also occurs with reasonably high efficiency (data not shown).
Oligonucleotide bridges mediate recombination between separate DNA segments
In yeast, it has been found that separate DNA fragments can be joined through homologous recombination by using oligonucleotides that overlap/bridge the desired junction(s) (2) . We set out to test whether either singleor double-stranded bridges would stimulate recombination between separate halves of GFP. In order to establish conditions for this assay, we first tested whether the PCR fragments could undergo blunt-end ligation either in the absence of a bridging oligo or in the presence of a non-homologous oligo. For maximal detection of GFP(+), all F1 transgenics were scored on the compound microscope. In the simple blunt-end ligation assay, a significant proportion of the F1s were GFP(+); however, the fluorescence level of most of these was very low, even under the compound microscope ( Figure 6A ; data not shown). Therefore, in vivo ligation of unphosphorylated blunt ends does occur, but at a very low level. When a non-homologous 63 nt oligonucleotide was included in this mixture, none of the F1 transgenics were GFP(+) ( Figure 6B) . Possibly, at the relatively high concentration tested (200 mg/ml), the olignucleotide interferes with in vivo ligation by titrating DNA repair enzymes. Regardless of the basis for this inhibition, these results established that the background level of ligation/recombination was sufficiently low that we could test whether addition of homologous oligos would stimulate recombination.
We began by testing injection mixes that included relatively high concentrations (200 mg/ml) of either a single-or double-stranded bridging molecule that has 30 bp of homology to each half of GFP. In the corresponding injection mixes, the bridges are present at $100-fold molar excess compared to the halves of GFP. Consistent with the results of Mello et al. (5), we found that with this concentration of oligos, we obtained relatively few F1 transgenics compared to other injection mixes ( Figure 6C and D) . However, the frequency of GFP(+) F1s was substantially higher than in the control, blunt-end ligation experiment. Furthermore, in both cases, the majority of the GFP(+) F1s animals were easily detectable on the compound microscope (but not on the dissecting microscope). We also found that we were able to obtain stable GFP(+) lines in each case (3/37 for single-stranded; 1/25 for double-stranded). To reduce the inhibitory effect of the oligonucleotides on transformation efficiency, we also tested the single-stranded bridging molecule at a lower concentration (10 mg/ml). Under these conditions, we were able to obtain transgenic F1s more readily, but the percentage of GFP(+) animals was somewhat lower ( Figure 6D ). Again, we were able to isolate stable GFP(+) lines at a reasonable frequency (4/105). Note that in these experiments (as in those depicted in Figure 3 ), we identified transgenic F1s based on the Rol phenotype and that the GFP-containing segments do not have homology to the pRF4 rol-6 plasmid.
DISCUSSION
Multiple methods have been developed that enable the generation of recombinant DNA molecules for use in C. elegans. These include PCR-based recombination (14) , recombination in yeast (15) , recombination in E. coli, in vitro recombination (16) and in vivo recombination within C. elegans (6) . Note that in this article we use recombination to refer to any mechanism that joins one segment of DNA to another, regardless of the exact enzymatic sequence of events. However, most of the events that we have assayed are likely to result from homologous recombination, rather than simple joining reactions. Most importantly for practical considerations, our results indicate that certain types of constructs can rapidly and reliably be generated by in vivo recombination that is mediated by relatively short segments of terminal homology. The relative ease and lack of set-up involved in this method would make it useful in cases where a restriction enzyme cleavage site is available near the intended site of recombination and a rapid assay is desirable. For example, this method could be used to rapidly assay the efficacy of fusing GFP to various potential locations within a given cloned gene, or to fuse GFP to a gene contained within a large cosmid clone. Furthermore, this recombination-based methodology enables combinatorial in vivo construction of recombinant molecules at junctions that do not include recognition sites for site-specific recombinases.
We found that intramolecular ligation/circularization of injected molecules occurs efficiently in vivo and this reaction does not require phosphorylation of the 5 0 termini.
Since we found that circular molecules are not highly recombinogenic, such events could potentially interfere with homologous recombination. However, the recombination efficiencies that we observed are relatively high and recombination efficiency was not obviously elevated when complementary cohesive ends were not present. Therefore competition with intramolecular ligation/circularization does not drastically interfere with the recombination reaction.
We found that either single-or double-stranded bridges are capable of mediating recombination between separate DNA molecules. Although the efficiency of this recombination was relatively low compared to simple binary recombination between molecules that have terminal overlap, such bridges could be used to mediate recombination in cases where both of the DNA fragments to be joined are refractory to PCR amplification.
